Lung fibroblast functions such as matrix remodeling and activation of latent transforming growth factor beta-1 29 (TGF-β1) are associated with expression of the myofibroblast phenotype, and are directly linked to fibroblast 30 capacity to generate force and deform the extracellular matrix. However, the study of fibroblast force-31 generating capacities through methods such as traction force microscopy is hindered by low throughput and 32 time consuming procedures. In this study, we detail improved methods for higher-throughput traction 33 measurements on polyacrylamide hydrogels using gel-surface bound fluorescent beads to permit autofocusing 34 and automated displacement mapping, and transduction of fibroblasts with a fluorescent label to streamline cell 35 boundary identification. Together these advances substantially improve the throughput of traction microscopy, 36 and allow us to efficiently compute the forces exerted by lung fibroblasts on substrates spanning the stiffness 37 range present in normal and fibrotic lung tissue. Our results reveal that lung fibroblasts dramatically alter the 38 forces they transmit to the extracellular matrix as its stiffness changes, with very low forces generated on 39 matrices as compliant as normal lung tissue. Moreover, exogenous TGF-β1 selectively accentuates tractions on 40 stiff matrices mimicking fibrotic lung, but not on physiological stiffness matrices, despite equivalent changes in 41 Smad2/3 activation. Taken together, these results demonstrate a pivotal role for matrix mechanical properties in 42 regulating baseline and TGF-β1 stimulated contraction of lung fibroblasts, and suggest that stiff fibrotic lung 43 tissue may promote myofibroblast activation through contractility-driven events, while normal lung tissue 44 compliance may protect against such feedback amplification of fibroblast activation. 45 46
Introduction
We use our improved method to test whether increasing matrix stiffness changes the force generating capacity 70 of lung fibroblasts. Our results, obtained over a pathophysiological range of substrate stiffness (39), reveal a 71 strong effect of ECM stiffness on fibroblast tractions. We further show that TGF-β1 treatment augments 72 fibroblast force-generating capacity on stiff substrates approximating fibrotic lesions in the lung, but not on 73 substrates approximating normal lung stiffness, despite similar effects of TGF-β1 on Smad2/3 activation. Thus 74 we observe that soft matrix conditions suppress fibroblast contractility, and selectively uncouple a pro-fibrotic 75 signal from fibroblast contractile function, suggesting that normal lung matrix compliance may protect against 76 an important functional effect of TGF-β1. 77 78
Materials and Methods 79
Cell culture. IMR-90 fetal lung fibroblasts (ATCC) were cultured in Kaighn's modification of Ham's F-12 medium 80 (F-12K) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin (all 81 from Mediatech) in a humidified incubator with the atmosphere containing 5% CO 2 at 37°C. The cells were 82 seeded at 10 cells/mm 2 in 6-well plates containing polyacrylamide hydrogel matrices of one of six discrete elastic 83 (Young's) moduli: 0.3, 1, 6, 13, 17 and 20 kPa. All gels were functionalized with 10 μg/ml of collagen I. In some 84 experiments, the cells were treated with 5 ng/ml of TGF-β 1 (purchased from R&D Systems and reconstituted 85 according to manufacturer's recommendations) immediately after seeding. The cells were used at passage 3-8. 86
Polyacrylamide gel preparation and surface conjugation of microspheres. Glass-bottom 6-well plates (In Vitro 87 Scientific) were treated with a 0.4% aqueous solution of 3-methacryloxypropyltrimethoxysilane (Acros Organics) 88 at pH 3.5 for 1 hour, rinsed three times in distilled water and air dried. Six pre-polymerization solutions of 89 variable ratios of acrylamide:bisacrylamide (Bio-Rad) were prepared as described previously (43) [17], 7.5:0.34 [20] ). 25 μl of each pre-polymerization mixture was delivered into selected wells and sandwiched 92 with SurfaSil (Thermo Scientific) treated, hydrophobic glass coverslips (18 mm in diameter) for 10 minutes. The 93 thickness of resulting gel was ~100 μm. After polymerization, the gel surface was derivatized with 94 heterobifunctional cross-linker Sulfo-SANPAH (G-Biosciences), as described previously (43), and fluorescent 95 (505⁄515, Ex/Em nm), 0.2 μm in diameter, sulfate-modified latex microspheres (FluoSpheres, Invitrogen) were 96 conjugated to the gel surface by delivering a sonicated aqueous suspension of the beads (diluted at 1:200) on 97 top of the gels for 30 min. The gels were rinsed three times in distilled water in order to remove all remaining 98 non-attached beads, UV sterilized, and functionalized by incubation for 2 hours with 10 μg/ml of sterile collagen 99 I (PureCol) in PBS. In some experiments, in addition to conjugating microspheres to the gel surface, fluorescent 100 (580/605 Ex/Em nm), 0.2 μm in diameter, carboxylate-modified latex microspheres (Invitrogen) were embedded 101 within gels by addition to polymerization solution prior to casting. 102 Statistical analysis. Linear regression analysis was done in Excel (Microsoft). One-way ANOVA followed by 149 Tukey's test or two-tailed t-test were done in Stata statistical software (StataCorp LP). 150
151

Results
152
Increasing the throughput of traction microscopy 153
Traction microscopy involves two relatively time consuming procedures that are amenable to improvement: 154 focusing the imaging system on the topmost surface of the gel to measure cell-mediated gel displacements, and 155 outlining each cell's perimeter to constrain tractions within the cell boundary. We have addressed both of these 156 limitations and integrated the improved methodology with an automated microscopic imaging approach to 157 vastly improve the throughput capabilities of traction microscopy, as detailed below. Based on the broad 158 biological variability in tractions generated by individual cells, this improved methodology will accelerate efforts 159 to compare force generation across different cell populations, and to identify novel regulators of cellular force 160
generation. 161
Typically in traction microscopy, fluorescent beads are embedded throughout the PA substrate during 162 polymerization (7, 14, 58) , requiring the user to focus the microscope on the top-most focal plane containing 163 beads to accurately measure displacements at the gel surface. To overcome this limitation, we developed an 164 approach to conjugate fluorescent microspheres, 0.2 μm in diameter, to the gel surface, as described in 165 Materials and Methods. This change in experimental methodology allowed us to use the autofocusing 166 capabilities of fluorescence microscopy-based imaging systems and automate a key step in the experimental 167 procedure for traction measurements. To compare the new approach of using surface bound beads to the 168 standard gel-embedded bead approach, we seeded IMR-90 lung fibroblasts on gels with elastic moduli of 1 and 169 6 kPa that were prepared with fluorescent beads with different excitation/emission wavelengths inside and on 170 top of the gels (Figs. 1A, inset) . We then computed root-mean-square traction (RMST) values separately using 171 the two groups of fluorescent beads, inside and on top of the gel, for each cell (Fig. 1B) . Fluorescent images of 172 the beads bound to the gel surface (Fig. 1C) were captured using the autofocusing function of the imaging 173 system (Atto Bioscience Pathway HT), before and after cell removal by trypsinization. Corresponding images of 174 the topmost beads embedded within the gel (Fig. 1D) were taken using the same focal plane setting. The 175 surface-bound beads remained attached to the gel after trypsinization, confirming that the beads were not 176 internalized by the cells. The displacement fields ( Fig. 1E and F) were computed from the images of the beads 177 before and after trypsinization, and accompanying traction fields ( Fig. 1G and H) were computed by constrained 178 FTTC (7). Our measurements revealed excellent agreement between tractions calculated using the two sets of 179 images, with an overall correlation coefficient (R 2 ) of 0.99 from 15 cells with RMST ranging from approximately 180 100 to 700 Pa on 1 and 6 kPa matrices (Fig. 1B) . Based on our observation that fibroblasts grown on PA gels with 181 and without surface beads are morphologically indistinguishable, and our finding of similar fibroblast tractions 182 using surface-coupled or only gel-embedded beads (not shown), we conclude that the surface-bound 183 fluorospheres do not impact fibroblast appearance and contractile function. 184
The cell boundaries in Figure 1E -H were manually traced based on phase contrast images, a time-consuming 185 procedure necessary to impose the appropriate boundary condition and constrain tractions to the area 186 underneath the cell (7). In order to automate this step, we treated lung fibroblasts with CellLight Plasma 187
Membrane-RFP (Invitrogen), a fluorescent protein construct that localizes to the plasma membrane, 188 immediately after seeding them on soft hydrogel substrates. Following incubation for 24 h, a time typical for 189 traction microscopy, high contrast images of cells expressing the plasma membrane-associated fluorescent 190 protein (approximate transduction efficiency of > 80%) could be obtained ( Fig. 2A) in conjunction with the 191 images of yellow-green fluorescent beads conjugated to the gel surface. The prominent contrast in the images 192 greatly simplified outlining of the cell's boundary using a fast, computationally inexpensive threshold algorithm, 193 implemented in Matlab as described in Materials and Methods (Fig. 2B) . Threshold pixel values were 194 determined empirically for each image to account for cell to cell variability in fluorescence intensity, but this was 195 the only user-defined step in the procedure and was accomplished in a small fraction of the time that would be 196 needed to manually outline the cell boundary. Of note, in some images small RFP-positive narrow extensions 197 were observed emanating from the perimeter of cells (Fig. 3) . These appear in some cases to be related to the 198 "membrane remnants" previously observed to be left behind by retracting or migrating fibroblasts (9, 38, 52); 199 they remained on the cell surface when cells were trypsinized and were not visible in phase contrast images 200 both in our hands and in previously published work (52). More importantly, these membrane extensions were 201 not associated with detectable bead displacements, even when they appeared to remain linked to the cell. Thus 202 while we could visualize these features around some transduced cells, we did not develop additional image 203 analysis procedures to capture these features in cell outlines. After computing the displacement field (Fig. 2C)  204 for the beads on the gel surface, the outline of the cell boundary could be used in constrained FTTC to calculate 205 the corresponding traction field (Fig. 2D) . 206
Fibroblast tractions vary dramatically across a pathophysiological range of substrate stiffness 207
The autofocus capability engendered by using surface bound beads prompted us to combine this approach with 208 an imaging system featuring a programmable microscope stage, allowing us to study multiple cells efficiently 209 from individual experiments. Based on the recent observation that the stiffness of the lung's extracellular 210 matrix changes during fibrotic tissue remodeling (39), we seeded IMR-90 fibroblasts at a subconfluent density on 211 PA gels with elastic moduli ranging from 0.3 to 20 kPa (Fig. 3, row 1) , encompassing the median observed in 212 normal (~1.4 kPa) and fibrotic (~7.5 kPa) mouse lung tissue (39). We then measured the cell generated 213 displacements of surface bound beads using images obtained before and after cell trypsinization. Strikingly, our 214 experiments revealed that matrix displacements are largest on the softest matrices, and diminish in magnitude 215 dramatically in the range of normal and fibrotic lung (1 to 13 kPa) (Fig. 3 , row 2, and Fig. 4A ). The distribution of 216 displacements in the substrate greatly exceeded the cell perimeter at low stiffness. These displacements of the 217 beads outside the cell area are the result of force transmission through a continuum (the gel substrate). Simply 218 put, a point force in the plane of the gel surface produces a displacement field with local maxima at the location 219 where the force acts, with the magnitude of displacement declining in space with a rate inversely proportional 220 to the substrate stiffness. Hence, the more compliant the matrix, the further the displacements are transmitted, 221 in general agreement with our findings. We also noted prominent transitions in cell morphology across stiffness 222 conditions, consistent with prior findings (25, 56) . Notably, our finding that fibroblast-induced matrix 223 displacements vary across substrate stiffness conditions contrasts with a previous observation that epithelial 224 cells induce constant displacements across stiffness conditions by developing tractions in proportion to changing 225 substrate rigidity (53). 226
Based on the measured displacements, we then calculated RMST from each displacement field (Fig. 3, row 3 ) 227 and observed that RMST increased dramatically with matrix stiffness and reached a plateau on the substrates 228 above 13 kPa (Fig. 4B) . Interestingly, the localized pattern of tractions also varied across matrix stiffness, as 229 visualized using the autoscaled heatmaps in Figure 3 row 4, with the typical punctate concentration of force 230 transmission on stiff substrates (associated with focal adhesions) giving way to a more uniform ring of force 231 transmission on the softest substrates. Without these autoscaled heatmaps, it would be easy to assume that 232 cells on very soft substrates do not exert any tractions (see row 3), but clearly the autoscaled heatmaps and the 233 accompanying displacement maps in row 2 demonstrate that cell-generated physical forces are transmitted to 234 the matrix under these conditions. Nevertheless, when we compiled data from many cells on each matrix 235 stiffness condition, we observed that tractions were indeed increasing significantly across matrix stiffness, with a 236 plateau on matrices of 13 to 20 kPa. Interestingly, the matrix stiffness range associated with increasing tractions 237 encompasses the range of matrix stiffness observed in normal and fibrotic lung tissue (39). The plateau in 238 tractions on stiff matrices prompted us to ask whether this reflected insufficient time (24 hours) to maximally 239 organize cell-matrix adhesions and the cell's contractile apparatus (4, 16). However, when we measured 240 tractions in fibroblasts grown on 20 kPa PA gels for an extended duration (72 hours), we found that tractions 241 were indistinguishable from those measured 24 h after seeding (Fig. 4B) . Based on the sensitivity of our 242 displacement mapping system (~0.08 µm, see Materials and Methods) and the still sizable displacements on 13-243 20 kPa substrates ( Fig. 3 row 2) , we conclude that this plateau in computed tractions represents a biological 244 response and not a limitation in our measurement system. 245
We noted in measurements of RMST that the variance in tractions increased with increasing stiffness (Fig. 4B) , 246 and this remained true, though less dramatic, when computing the coefficients of variation (CVs, standard 247 deviation / mean) in RMST across all stiffness conditions (Fig. 5A ). To address whether this increased variance 248 reflected increased temporal fluctuations in tractions exerted by individual cells, we tracked bead displacements 249 over time on two different stiffness substrates, with RMST calculated every ten minutes for two hours. We then 250 normalized each cell's tractions to its value at time zero ( Fig. 5B ) to better visualize how cell tractions changed 251 over time. The resulting plots demonstrate that temporal variations in tractions are actually higher on soft 252 matrices than on stiff matrices, and this observation was confirmed by computing the temporal CV for each cell 253 and comparing the distribution of CVs between soft (1 kPa) and stiff (13 kPa) gels (Fig. 5C) . These results 254 demonstrate that as matrix stiffness increases, temporal fluctuations in the traction exerted by individual cells 255 decrease. We conclude from this finding that the larger variation in tractions observed on stiff substrates (Figs. 256 4B and 5A) reflects the emergence of increasing phenotypic heterogeneity (cell to cell variation) in cell force 257 generating capacity on stiff matrices that is absent on softer matrices. 258
Previous work has suggested a link between cell spread area and tractions (40, 46). As we had already observed 259 changes in cell spreading with stiffness (Fig. 3, row 1) , we compared RMST to cell area in our experiments. The 260 median 2D projected area of cells peaked at 6 kPa ( RMST on 20 kPa gels demonstrated no significant correlation between these features (Fig. 6B) , a result that is in 263 agreement with an earlier report on fibroblasts by Chen et al. (10) and contrary to previous findings in smooth 264 muscle and endothelial cells (8, 46, 59) . The absence of any correlation between RMST and 2D spread area 265 extended to the other matrix stiffness conditions we studied (data not shown). 266
TGF-β1 treatment selectively promotes cell tractions on stiff substrates 267
In wound healing and fibrosis, fibroblasts often express markers of a contractile phenotype including the smooth 268 muscle marker α-smooth muscle actin (α-SMA) (33), leading them to be termed myofibroblasts. TGF-β1 269 promotes α-SMA expression, and is thought to be the central regulator of fibroblast conversion to myofibroblast 270 (71). When we treated IMR-90 lung fibroblasts for 24 hours with 5 ng/ml of active TGF-β1, we noted a selective 271 effect on the observed traction fields (Fig. 7A) . On stiffer substrates with elastic moduli above 13 kPa, TGF-β1 272 significantly increased RMST in proportion with increase in matrix stiffness. But on matrices with elastic 273 modulus of 13 kPa and less, TGF-β1 did not exert any distinguishable effect on fibroblast tractions (Fig. 7A) . 274
Similar to the case in untreated fibroblasts, prolonged (72 hour) exposure to TGF-β1 did not significantly alter 275
RMSTs observed with shorter exposure (24 hours, Fig. 7B) . 276
Based on a previous observation that TGF-β1 treatment promotes cell spreading (16), we measured the 2D 277 projected area of cells exposed to active TGF-β1 for 24 h. Compared to untreated controls, TGF-β1 treatment 278 increased 2D projected area of cells grown on stiff substrates, but decreased 2D area of cells grown on soft 279 substrates, demonstrating another matrix stiffness-specific effect (Fig. 7C ) of TGF-β1 stimulation. In contrast to 280 our prior observation in untreated fibroblasts (Fig. 6B) , TGF-β1 treated fibroblasts exhibited a modest positive 281 correlation between 2D projected area and RMST on 20kPa gels (Fig. 7D) . 282
Because TGF-β1 effects are known to be mediated by rapid phosphorylation and nuclear translocation of Smad2 283 and Smad3 (19, 42), we further tested whether soft matrix conditions suppress transduction of TGF-β1-induced 284 Smad signaling. As our immunofluorescent staining illustrates, treatment with TGF-β1 (5 ng/ml) induced 285 prominent phospho-Smad2/3 nuclear localization on both soft and stiff matrices (Fig. 8, Table 1 ). Thus 286 fibroblasts resident on both soft and stiff matrices are capable of transducing TGF-β1 stimulation into Smad 287 activation, suggesting that downstream signal processing and/or alternative pathways must be responsible for 288 the stiffness-specific effects of TGF-β1. a mixed boundary value problem where tractions outside the boundary are nonexistent (7), the method requires 298 defined coordinates of the cell boundary. Outlining the cell boundary is typically performed manually by tracing 299 from phase contrast images (7, 14) . To streamline that process, we transduced the cells with a fluorescent 300 construct which provided an effective method for introducing a membrane-targeted label within living 301 fibroblasts. Transduction efficiency, estimated to be > 80%, and high contrast fluorescent images made it 302 possible to employ a simple image processing technique to efficiently extract the boundaries of cells. 303
We combined these improved methodologies to measure tractions exerted by IMR-90 lung fibroblasts across a 304 range of substrate stiffness conditions encompassing the mechanical properties measured in normal and fibrotic 305 lung tissue (39). Our traction measurements confirmed previous findings that tractions gradually rise when 306 substrate stiffness is increased (8, 48, 67) , and demonstrated the profound influence that substrate stiffness, 307 within the range observed in normal and fibrotic lung (39), exerts on fibroblast contractile function. 308
Interestingly, fibroblast tractions reached a plateau on substrates approximating the stiffness of fibrotic lesions 309 (Fig. 4B) , indicating that otherwise unstimulated fibroblasts have a limited capacity for force generation that is 310 reached within pathophysiological matrix stiffness conditions. On the other hand, the relatively small tractions 311 on soft matrices were sufficient to produce prominent substrate deformations (Figs. 3 and 4A) , demonstrating 312 the ability of lung fibroblasts to participate in matrix rearrangements even within the compliant mechanical 313 conditions present in normal lung parenchyma. 314
In addition to increasing tractions, we observed increasing cell-to-cell variations in traction with increasing 315 matrix stiffness (Fig. 5) . Wrobel et al. (69) previously showed that dermal fibroblast tractions vary not only with 316 matrix stiffness, but also in time. Hence, we investigated whether increasing cell-to-cell variability could be 317 accounted for by increasing temporal variations in tractions with increasing stiffness. Instead we observed the 318 opposite trend, with greater fluctuations in tractions on compliant matrices, and smaller fluctuations on stiffer 319 matrices (Fig. 5) . These trends suggest that the fibroblast actomyosin machinery or its linkage to the 320 extracellular matrix is less stable on compliant matrices, resulting in greater variation in force transmission to 321 the matrix, and are consistent with prior observations that cytoskeletal architecture and cell-matrix adhesions 322 become increasingly organized with increasing stiffness (15). We interpret these findings to indicate that the 323 increasing cell-to-cell variability in tractions that emerges with increasing matrix stiffness must therefore 324 represent phenotypic heterogeneity in capacity to generate forces among individual fibroblasts, governed by 325 variations in the expression and organization of contractile machinery and the activity of pathways regulating 326 contractile machinery function. Our results suggest that these cell-to-cell variations are largely masked on more 327 compliant matrices by the fact that tractions there are limited more by formation and reinforcement of cell-328 matrix adhesions which function more uniformly across individual cells. It will be interesting to study in more 329 depth whether traction generation represents a stable and persistent phenotype in individual cells, and what 330 molecular constituents (e.g. α-SMA (30, 31)) and pathways are most responsible for variations in tractions. 331
Prior studies have indicated a correlation between projected cell area and average traction (8, 46, 59) in smooth 332 muscle and endothelial cells. However, in our study of human lung fibroblasts under baseline culture conditions 333 we did not observe any correlation between projected cell area and RMST (Fig. 6B) , in agreement with a prior 334 report in corneal fibroblasts (10). However, we did observe a correlation between projected cell area and RMST 335 in lung fibroblasts after TGF-β treatment (Fig. 7D) . Together, these findings suggest that the correlation of cell 336 spreading with traction is a cell type specific phenomenon, and while this correlation is absent at baseline in 337 fibroblasts it can be induced with TGF-β. Whether the changes in cell projected area under such stimulation are 338 functionally linked to, and not just correlated with, the organization of contractile machinery discussed above 339 remains to be determined, though prior work has indicated an intriguing relationship between cell-matrix 340 adhesion size, contractile protein organization and resulting tractions (26). 341
While multiple soluble factors may contribute to contractile activation of lung fibroblasts, we focused on the 342 effects of TGF-β1, a dominant pro-fibrotic mediator implicated in the expression of the myofibroblast 343 phenotype, on fibroblast contractility. Previous experiments, conducted mostly in 3D collagen gels, have shown 344 that TGF-β1 enhances contractility in fibroblasts (3, 5, 20, 22, 27, 34, 35, 44 ) and other cells (1, 41). In our 345 experiments, even though TGF-β1 triggered phosphorylation and nuclear translocation of Smad2/3 that was 346 indistinguishable on soft and stiff substrates, we found that TGF-β1 selectively increased cell generated tractions 347 only on stiff matrices. The substantial rise in tractions on stiff gels occurred within 24 hours of TGF-β1 348 treatment, and was not further augmented by prolonged stimulation for 72 hours (Fig. 7B) . Intriguingly, our 349 results suggest that alterations in matrix stiffness may selectively couple and uncouple TGF-β1 signaling from 350 integrated cellular functions such as matrix contraction. 351
Although somewhat speculative, one potentially interesting implication of these findings relates to cell traction-352 mediated activation of latent TGF-β1. Prior work has shown that cell-generated mechanical forces play a critical 353 role in triggering bioavailability of active TGF-β1 from its ECM-bound latent complex (2, 6, 54, 68) substrates (68). Since the latent complex is in mechanical series with ECM, they suggested that substrate rigidity 367 must be high enough to resist the cell-generated tension and allow for liberation of TGF-β1. Upon thrombin 368 stimulation to induce fibroblast contraction they observed increased TGF-β1 activation on 20 kPa matrices by 369 ≈1.75 fold, but strikingly found no effect on TGF-beta activation on 6 kPa. Our results demonstrate that matrix 370 stiffness dramatically modulates fibroblast tractions, and determines whether an exogenous stimulus, in our 371 case TGF-β1, augments cellular force transmission to the matrix. We show that fibroblasts residing on a stiff 372 matrix exert significantly higher tractions at baseline than cells residing on a more compliant matrix, and their 373 RMST is augmented by exogenous TGF-β1 stimulation by ≈2.1 fold on 20 kPa gels. Hence, uniting our 374 observations with the known tension-dependent activation of TGF-β1 and its broad functional fibrogenic effects 375 supports the concept that TGF-β1 and fibroblast contractile function could engage in an adverse feedback cycle 376 of increased fibroblast activation on stiff matrices, promoting and sustaining a pro-fibrotic environment in the 377 lung. In contrast, the low endogenous force generating capacity of fibroblasts on soft matrices, and the failure 378 of exogenous TGF-β1 stimulation to augment tractions in such a context, could provide a powerful homeostatic 379 mechanism to suppress such an unstable feedback cycle, providing the lung, by virtue of its normally compliant 380 matrix, with an endogenous brake on TGF-β1 mediated fibrogenic processes. Hence the underlying matrix 381 stiffness in the lung may be a critical determinant of whether TGF-β1 stimulation results in a transient or self-382 sustaining fibrotic response. 383
How TGF-β1 stimulation is decoupled from force generation on soft matrices despite Smad2/3 activation 384 remains to be determined. As discussed above, alterations in actin cytoskeleton and integrin based adhesions 385 with variations in extracellular matrix stiffness are widely reported, and presumably play important roles in 386 limiting contractile force generation on soft substrates (45). Consistent with a necessary role for matrix 387 adhesions in enhancing force generation, we observed that cells grown on soft substrates responded to TGF-β1 388 treatment by reducing their 2D spread area, suggesting that instability of focal adhesion complexes on 389 compliant gels (4, 24, 32, 60) may prevent fibroblasts from exerting increased tractions. In contrast, on stiff 390 matrices we observed that TGF-β1 enhanced cell spreading in parallel with increases in tractions. 391
While mechanical regulation of adhesion complexes offers one perspective for understanding stiffness-392 dependent TGF-β1 effects, several Smad-independent or downstream signaling mechanisms may also be 393 differentially regulated in response to matrix stiffness and play important roles in the stiffness-dependent TGF-394 β1 effects observed here. For instance, recent studies in aortic valve interstitial cells (11) Taken together, our study validates improved methodology for higher-throughput traction measurements and 406 illustrates the utility of such methods for investigating contractile responses of single cells. In combination with 407 already developed methods for casting PA gel substrates in multiwell formats (43), our traction methodology 408 has the potential to be applied in small-scale screening of drugs and reagents that may affect cytoskeletal 409 tension and its transmission to ECM. Our findings demonstrate that matrix stiffness is a pivotal regulator of 410 fibroblast contractility and the contractile response to TGF-β1 stimulation. When combined with prior evidence 411 for force-dependent TGF-β1 activation, our results suggest that a mechanobiological traction-feedback loop may 412 promote the fibrogenesis observed in stiff fibrotic lesions, while normal lung compliance may protect against 413 such an adverse feedback response. Understanding the mechanisms involved in maintaining fibroblast 414 quiescence and low tractions on soft matrices and further elucidation of the pathways linking 415 mechanoresponses on stiff substrates to fibrogenic fibroblast activation may result in new avenues for 416 intervening in pulmonary fibrosis. 
